The Effects of Climate Change on Agriculture, Land Resources,Water Resources, and Biodiversity

2.1 INTRODUCTION

This synthesis and assessment report builds on
an extensive scientific literature and series of
recent assessments of the historical and potential
impacts of climate change and climate vari-
ability on managed and unmanaged ecosystems
and their constituent biota and processes. It
identifies changes in resource conditions that
are now being observed, and examines whether
these changes can be attributed in whole or part
to climate change. It also highlights changes in
resource conditions that recent scientific studies
suggest are most likely to occur in response to
climate change, and when and where to look
for these changes. As outlined in the Climate
Change Science Program (CCSP) Synthesis and
Assessment Product 4.3 (SAP 4.3) prospectus,
this chapter will specifically address climate-
related issues in cropping systems, pasture and
grazing lands, and animal management.

In this chapter the focus is on the near-term
future. In some cases, key results are reported
out to 100 years to provide a larger context but
the emphasis is on the next 25-50 years. This
nearer term focus is chosen for two reasons.
First, for many natural resources, planning and
management activities already address these
time scales through the development of long-
lived infrastructure, plant species rotation, and
other significant investments. Second, climate
projections are relatively certain over the next
few decades. Emission scenarios for the next
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few decades do not diverge from each other
significantly because of the “inertia” of the
energy system. Most projections of greenhouse
gas emissions assume that it will take decades to
make major changes in the energy infrastructure,
and only begin to diverge rapidly after several
decades have passed (30-50 years).

To average consumers, U.S. agricultural produc-
tion seems uncomplicated — they see only the
staples that end up on grocery store shelves. The
reality, however, is far from simple. Valued at
$200 billion in 2002, agriculture includes a wide
range of plant and animal production systems
(Figure 2.1).

The United States Department of Agriculture
(USDA) classifies 116 plant commodity groups
as agricultural products, as well as four livestock
groupings (beef cattle, dairy, poultry, swine)
and products derived from animal production,
e.g., cheese or eggs. Of these commodities,
52 percent of the total sales value is generated
from livestock, 21 percent from fruit and nuts,
20 percent from grain and oilseed, two percent
from cotton, and five percent from other com-
modity production, not including pastureland or
rangeland production (Figure 2.2).

The many U.S. crops and livestock varieties are
grown in diverse climates, regions, and soils. No
matter the region, however, weather and climate
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characteristics such as temperature, precipita- has benefited from optimizing the adaptive areas
tion, carbon dioxide (CO,), and water avail- of crops and livestock. For any commodity,
ability directly impact the health and well-being  variation in yield between years is related to
of plants and livestock, as well as pasture and  growing-season weather effects. These effects
rangeland production. The distribution of crops  also influence how insects, disease, and weeds
and livestock is also determined by the climatic  affect agricultural production.

resources for a given region and U.S. agriculture

Market Value of Agricultural
Products Sold: 2002

1 Dot = $20,000,000

AN United States Total
> ‘ o $200,646,355,000

&

Figure 2.1 The extensive and intensive nature of U.S. agriculture is best represented in the context of the value
of the production of crops and livestock. The map above presents the market value of all agricultural products
sold in 2002 and their distribution. (USDA National Agricultural Statistics Service.)

Figure 2.2 The sales value of individual crops and ~ Market Value of Agricultural Commodities 2002

livestock is represented at right. As the chart indi- B Grain and Oilseed
cates, crops and livestock represent approximately eSOk orops
equal portions of the commodity value. (USDA Cotton

National Agricultural Statistics Service.) = Other Commodities

22



The Effects of Climate Change on Agriculture, Land Resources,Water Resources, and Biodiversity

The goal in this chapter is to provide a synthesis

of the potential impacts of climate on agriculture ‘% Beef Cows - Inventory: 2002
that can be used as a baseline to understand the

consequences of climate variability. A variety
of agricultural crops will be considered in
this report. Among them is corn (Zea mays),
the most widely distributed U.S. crop after
pastureland and rangeland; wheat, which is
grown in most states, but has a concentration
in the upper Great Plains and northwest United
States; and orchard crops, which are restricted
to regions with moderate winter temperatures.
For any of these crops, shifts in climate can af-
fect production through, for instance, variance
in temperature during spring (flowering) and  [-o" S
fall (fruit maturity). IS ‘ ek

1 Dot = 5,000 Beef Cows

. . . Figure 2.3 Distribution of beef cow inventory across the United States
Additionally, this chapter will look at beef 5002, (USDA National Agricultural Statistics Service.)
cow production, which is ubiquitous across

the United States (Figure 2.3). Because of the
regular presence of beef cows across the nation, , Acres of Pastureland, 1997
beef cow vitality provides an effective indicator
of the regional impact of climate change. While
beef cows are found in every state, the greatest
number are raised in regions that have an abun-
dance of native or planted pastures (Figure 2.4),
which provide easy access to accessible feed
supplies for the grazing animals.

Over the past 25 years, there has been a decline
in land classified as rangeland, pastureland,
or grazed forest. Many of these shifts relate
to changing land use characteristics, such as
population growth (Table 2.1); the growing
eastern U.S. has experienced the greatest reduc-
tion in such land resources (Table 2.2). This
chapter will provide an overview of the state of
pasturelands and rangelands as defined by the
USDA. Pastureland is a land cover/use category
of land managed primarily for the production of
introduced forage plants for livestock grazing.
Pastureland cover may consist of a single spe-
cies in a pure stand, a grass mixture, or a grass-

legume mixture. Management usually consists
of cultural treatments: fertilization, weed
control, reseeding or renovation, and control of
grazing. Rangeland is a land cover/use category
on which the climax or potential plant cover is

Each dot represents 25,000 acres of Rangeland 59

Total Acres of Rangeland: 405,977,200

@ Alaska (No Data) ‘

Figures 2.4a and 2.4b Distribution of pastureland and rangeland across
the United States in 1997.
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composed principally of native grasses, grass-
like plants, forbs, or shrubs suitable for grazing
and browsing, and introduced forage species that
are managed like rangeland. This would include
areas where introduced hardy and persistent
grasses, such as crested wheatgrass, are planted
and such practices as deferred grazing, burning,
chaining, and rotational grazing are used, with
little or no chemicals or fertilizer applied. This
chapter will also consider the effects of climate
on these areas.

Chapter 2

2.2 OBSERVED CHANGES AND
RESPONSES

2.2.1 Crops

2.2.1.1 SCOPE OF THE AGRICULTURAL
SYSTEMS

As noted earlier, agriculture is a diverse system
that covers a wide range of species and produc-
tion systems across the United States. However,
this chapter’s scope includes species covered
in the available scientific literature that evalu-
ates observed responses to changing climate

Table 2.1 Non-federal grazing land (in millions of acres). Source: Natural Resources Conservations Service
(NRCS).

Grazed
Forest land Total
(millions of acres) (millions of acres)

Pastureland
(millions of acres)

Rangeland
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1982 415.5 131.1 64.3 610.9
1992 406.7 125.2 61.0 592.9
1997 404.9 119.5 58.0 582.4
2001 404.9 119.2 55.2 579.3
2003 405.1 117.0 54.3 576.4

Table 2.2 Changes in pasturelands by major water resource areas (in millions of acres).
Source: www.nrcs.usda.gov/technical/land/nri03/national_landuse.html

1982 1992 2003
Arkansas-White-Red 18.6 19.0 19.8
California / Great Basin 2.3 2.2 2.3
Great Lakes 5.8 4.7 44
Lower Colorado / Upper Colorado 0.8 0.9 0.9
Lower Mississippi 5.6 5.4 5.0
Missouri 20.4 19.2 18.0
New England / Mid Atlantic 74 6.3 5.6
Ohio / Tennessee River 20.9 19.8 17.7
Pacific Northwest 4.6 4.7 43
Souris- Red-Rainy / Upper Mississippi 14.5 12.7 1.7
South Atlantic-Gulf 15.5 15.9 13.9
Texas-Gulf / Rio Grande 14.7 14.4 13.4
Totals 131.1 125.2 117.0
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characteristics. In the crops section, the focus
is on maize (corn), soybean (Glycine max),
wheat (Triticum aestivum), rice (Oryza sativa),
sorghum (Sorghum bicolor), cotton (Gos-
sypium hirsutum), peanut (Arachis hypogea),
dry kidney bean (Phaseolus vulgaris), cowpea
(Vigna unguiculata), and tomato (Lycopersicon
esculentum).

Animal production systems cover beef cattle,
dairy, swine, and poultry as the primary classes
of animals. While climate changes affect all
of these animals, the literature predominantly
addresses beef, dairy, and swine. Poultry are
primarily grown in housed operations, so the
effect of climate change more directly affects
the energy requirements for building opera-
tions compared to a direct effect on the animal.
Similar statements can be made for swine pro-
duction since the vast majority of the animals
are housed. Temperature affects animals being
moved from buildings to processing plants, but
because these animals are moved quickly from
production to processing, this is a problem only
in extreme conditions.

Both pasture and rangeland are reviewed in this
chapter. In the pastureland section, 13 species
are considered in the analysis; for rangeland,
species include a complex mixture of grasses
and forbs, depending on the location.

As much as possible, the conclusions about
the effects of global change on agriculture and
other ecosystems are based on observed trends
as much as possible. However, an immediate
obstacle to using this observational approach is
that the productivity of most agricultural enter-
prises has increased dramatically over the past
decades due to improvements in technology,
and the responses to these changes in technol-
ogy overwhelm responses to global change that
almost certainly are present but are statistically
undetectable against the background of large
technological improvements. Fortunately, nu-
merous manipulative experiments have been
conducted on these managed agricultural sys-
tems wherein temperature, CO,, ozone (O53),
and/or other factors have been varied. From
such experiments, the relative responses to the
changing climate variables can be deduced.
A second challenge, however, is that the de-
tails of each experiment have been different

— different temperature changes have been
explored, different concentrations of CO,, dif-
ferent crop varieties and so forth. The problem
remains as to how to represent such experimen-
tal variability in methods in a way that provides
a consistent baseline for comparison.

As noted in the Introduction, in about 30 years,
CO, concentrations are expected to have in-
creased about 60 ppm (from today’s 380 ppm
to about 440 ppm), and temperatures over the
contiguous United States are expected to have
increased by an average of about 1.2°C. We
have therefore used these increments as baseline
comparison points compared to current CO, and
temperatures to estimate the likely responses
of crops to global change for the 30-year time
horizon of this report. We have done this by
constructing mathematical response functions
for crops and experiments that use the experi-
mental data available.

2.2.1.2 PLANT RESPONSE TO
TEMPERATURE

2.2.1.2.1 General Response

Crop species differ in their cardinal tempera-
tures (critical temperature range) for life cycle
development. There is a base temperature for
vegetative development, at which growth com-
mences, and an optimum temperature, at which
the plant develops as fast as possible. Increasing
temperature generally accelerates progression
of a crop through its life cycle (phenological)
phases, up to a species-dependent optimum
temperature. Beyond this optimum temperature,
development (node and leaf appearance rate)
slows. Cardinal temperature values are pre-
sented below, in Tables 2.3 and 2.4, for selected
annual (non-perennial) crops under conditions in
which temperature is the only limiting variable.

One caveat is that the various scenarios for glob-
al change predict increasing air temperatures,
but plants often are not growing at air tempera-
ture. For example, under arid conditions, amply
irrigated crops can easily be 10°C cooler than air
temperature due to transpirational cooling. Solar
and sky radiation, wind speed, air humidity, and
plant stomatal conductance are all variables that
affect the difference in temperature between
plants and air. While recognizing this problem,
it is important to understand that published
cardinal temperatures such as those in Tables

The goal in this
chapter is to
provide a synthesis
of the potential
impacts of climate
on agriculture
that can be used
as a baseline to
understand the
consequences of
climate variability.
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2.3 and 2.4 are based on air temperature, rather
than vegetation temperature. That is because air
temperatures are much easier to measure than
plant temperatures, and usually only air tem-
peratures are reported from experiments; also
many crop growth models assume that plants are
growing at air temperature rather than at their
own vegetation temperature. Nevertheless, crop
canopy temperatures are sufficiently coupled to
air temperatures that for a first approximation,
we expect future crop canopy temperatures to
increase by about the same amount as air tem-
peratures with global warming.

Faster development of non-perennial crops is
not necessarily ideal. A shorter life cycle results
in smaller plants, shorter reproductive phase
duration, and lower yield potential. Because of
this, the optimum temperature for yield is nearly
always lower than the optimum temperature
for leaf appearance rate, vegetative growth, or
reproductive progression. In addition, tempera-
tures that fall below or above specific thresholds

Chapter 2

at critical times during development can also
have significant impact on yield. Temperature
affects crop life cycle duration and the fit of
given cultivars to production zones. Day-length
sensitivity also plays a major role in life cycle
progression in many crops, but especially for
soybean. Higher temperatures during the re-
productive stage of development affect pollen
viability, fertilization, and grain or fruit forma-
tion. Chronic as well as short-term exposure to
high temperatures during the pollination stage
of initial grain or fruit set will reduce yield
potential. This phase of development is one of
the most critical stages of growth in response
to temperatures extremes. Each crop has a
specific temperature range at which vegetative
and reproductive growth will proceed at the
optimal rate and exposures to extremely high
temperatures during these phases can impact
growth and yield; however, acute exposure from
extreme events may be most detrimental during
the reproductive stages of development.

Table 2.3. For several economically significant crops, information is provided regarding cardinal, base, and opti-
mum temperatures (°C) for vegetative development and reproductive development, optimum temperature for
vegetative biomass, optimum temperature for maximum grain yield, and failure (ceiling) temperature at which
grain yield fails to zero yield. The optimum temperatures for vegetative production, reproductive (grain) yield,

and failure point temperatures represent means from studies where diurnal temperature range was up to 10°C.

Opt Temp Failure
Opt Temp Range Temp
Base OptTemp BaseTemp OptTemp Range Reprod Reprod
Crop Temp Veg Veg Repro Repro Veg Prod Yield Yield
Maize 8l 34! 8! 341 18-222 353
Soybean 74 304 65 265 25-376 22-246 397
Wheat 08 268 18 268 20-30° I1510 3411
Rice 812 3613 812 3312 3314 23-2613.15 35-3613
Sorghum 816 3416 8lé 3117 26-3418 2517.19 3517
Cotton 1420 3720 1420 28-3020 3421 25-2622 3523
Peanut 1024 >3024 124 29-3325 31-352¢6 20-2626.27 3926
Bean 2328 23-242829 3228
Tomato 730 2230 730 2230 22-2530 303!

1Kiniry and Bonhomme (1991):, 2Muchow et al. (1990); 3Herrero and Johnson (1980); 4Hesketh et al. (1973); 5Boote et al. (1998);
6Boote et al. (1997); 7Boote et al. (2005); 8Hodges and Ritchie (1991); 9Kobza and Edwards (1987); 10Chowdury and Wardlaw (1978);
11Tashiro and Wardlaw (1990); 12Alocilja and Ritchie (1991); 13Baker et al. (1995); 14Matsushima et al. (1964); 15Horie et al. (2000);
16Alagarswamy and Ritchie 1991); 17Prasad et al. (2006a); 18Maiti (1996); 1°Downs (1972); 20K.R. Reddy et al. (1999, 2005); 21V.R.
Reddy et al. (1995); 22K.R. Reddy et al. (2005); 23K.R. Reddy et al. (1992a, 1992b); 240ng (1986); 25Bolhuis and deGroot (1959);
26Prasad et al. (2003); 27Williams et al. (1975); 28Prasad et al. (2002); 29Laing et al. (1984); 30Adams et al. (2001); 31Peat et al. (1998).
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For most perennial, temperate fruit and nut
crops, winter temperatures play a significant role
in productivity (Westwood 1993). There is con-
siderable genotypic variation among fruit and
nut crops in their winter hardiness (that is, the
ability to survive specific low temperature ex-
tremes), and variation in their “winter chilling”
requirement for optimum flowering and fruit set
in the spring and summer (Table 2.5). Placement
of fruit and nut crops within specific areas are
related to the synchrony of phenological stages
to the climate and the climatic resources of the
region. Marketable yield of horticultural crops is
highly sensitive to minor environmental stresses
related to temperatures outside the optimal
range, which negatively affect visual and flavor
quality (Peet and Wolfe 2000).

2.2.1.2.2 Temperature effects on crop yield
Yield responses to temperature vary among
species based on the crop’s cardinal temperature
requirements. Plants that have an optimum range
at cooler temperatures will exhibit significant
decreases in yield as temperature increases
above this range. However, reductions in yield
with increasing temperature in field conditions
may not be due to temperature alone, as high
temperatures are often associated with lack of
rainfall in many climates. The changes in tem-
perature do not produce linear responses with
increasing temperature because the biological
response to temperature is nonlinear, therefore,
as the temperature increases these effects will be
larger. The interactions of temperature and water
deficits negatively affect crop yield.

Table 2.4 Temperature thresholds for selected vegetable crops. Values are approximate, and for relative com-
parisons among groups only. For frost sensitivity: “+” = sensitive to weak frost; “-” = relatively insensitive; “()”
= uncertain or dependent on variety or growth stage. Adapted from Krug (1997) and Rubatzky and Yamaguchi

(1997). E

Sensitivity

Acceptable Opt Temp
Climatic Temp (C) For (@) Acceptable Temp (C) Frost
Classification Crop Germination ForYield Growth Range

Hot Watermelon 21-35 25-27 18-35 +
Okra 21-35 25-27 18-35 +
Melon 21-32 25-27 18-35 +
Sweet Potato 21-32 25-27 18-35 +

Warm Cucumber 16-35 20-25 12-30(35) +
Pepper 16-35 20-25 12-30(35) +
Sweet corn 16-35 20-25 12-30(35) +
Snap bean 16-30 20-25 12-30(35) +
Tomato 16-30 20-25 12-30(35) +

Cool-Warm Onion 10-30 20-25 7-30 -
Garlic 7-25 20-25 7-30 -
Turnip 10-35 18-25 5-25 -
Pea 10-30 18-25 5-25 O

Cool Potato 7-26 16-25 5-25(30) +
Lettuce 5-26 16-25 5-25(30) +)
Cabbage 10-30 16-18(25) 5-25 -
Broccoli 10-30 16-18(25) 5-25 -
Spinach 4-16 16-18(25) 5-25 -
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Marketable yield of
horticultural crops
is highly sensitive to
minor environmental
stresses related

to temperatures
outside the optimal
range, which
negatively affect
visual and flavor
quality.

28

2.2.1.2.2.1 Maize

Increasing temperature causes the maize life
cycle and duration of the reproductive phase
to be shortened, resulting in decreased grain
yield (Badu-Apraku et al. 1983; Muchow et al.
1990). In the analyses of Muchow et al. (1990),
the highest observed (and simulated) grain
yields occurred at locations with relatively cool
temperatures (growing season mean of 18.0 to
19.8°C in Grand Junction, Colo.), which allowed
long maize life cycles, compared to warmer sites
(e.g.,21.5t024.0°C in Champaign, Ill.), or com-
pared to warm tropical sites (26.3 to 28.9°C). For
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the Illinois location, simulated yield decreased 5
to 8 percent per 2°C temperature increase. Using
this relationship, a temperature rise of 1.2°C
over the next 30 years in the Midwest may de-
crease yield by about 4 percent (Table 2.6) under
irrigated or water-sufficient management.

Lobell and Asner (2003) evaluated maize
and soybean production relative to climatic
variation in the United States, reporting a 17
percent reduction in yield for every 1°C rise
in temperature, but this response is unlikely
because the confounding effect of rainfall was

Table 2.5 Winter chill requirement, winter hardiness (minimum winter temperature),
and minimum frost-free period (growing season requirements) for selected woody peren-
nial fruit and nut crops. Not shown in this table is the fact that flowers and developing
fruit of all crops are sensitive to damage from mild to moderate frosts (e.g., 0 to -5°C),
and high temperature stress (e.g., >35°C), specific damaging temperatures varying with
crop and variety. Values are approximate and for relative comparisons only. Adapted

from Westwood (1993).

Wi inter Chill Requirement (hours)!

Minimum Minimum Frost-
Common Winter Temp Free Period

Varieties (@) (days)
Almond 100-500 -10 >80
Apple 1000-1600 400-1800 -46 to -4 <100 (+)
Blueberry 400-1200

(northern 0-200 -35to-12 <100 (+)

highbush)
Cherry 900-1200 600-1400 -29 to -1 <100 (+)
Citrus 0 -7 to 4 >280
Grape 2504 >120
(European) 100-500
g;Ziican) 400-2000 (+) 46 t0-12 <100 ()
Peach 400-800 200-1200 -29to 4 >120
Pear 500-1500 -35to -I >100
Pecan 600-1400 -10 >80
Pistachio 600-1500 400-600 (Asian) -10 >80
Plum 800-1200 500-600 (Japanese) -29to 4 >140
Raspberry 800-1700 100-1800 -46 (+) <100 (+)
Strawberry 300-400 -12 <100 (+)
Walnut 400-1500 -29 >100

'Winter chilling for most fruit and nut crops occurs within a narrow temperature range of 0 to 15°C, with
maximum chill-hour accumulation at about 7.2°C. Temperatures below or above this range do not contribute
to the chilling requirement, and temperatures above |5°C may even negate previously accumulated chill.
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not considered. In a recent evaluation of global
maize production response to both temperature
and rainfall over the period 1961-2002, Lobell
and Field (2007) reported an 8.3 percent yield
reduction per 1°C rise in temperature. Runge
(1968) documented maize yield responses to the
interaction of daily maximum temperature and
rainfall during the period 25 days prior to, and
15 days after, anthesis of maize. If rainfall was
low (0-44 mm per 8 days), yield was reduced
by 1.2 to 3.2 percent per 1°C rise. Alternately, if
temperature was warm (maximum temperature
(Tmax) of 35°C), yield was reduced 9 percent
per 25.4 mm rainfall decline. The Muchow et al.
(1990) model, also used to project temperature
effects on crops, may underestimate yield re-
duction with rising temperature because it had
no temperature modification on assimilation or
respiration, and did not provide for any failures
in grain-set with rising temperature. Given the
disagreement in literature estimates and lack of
real manipulative temperature experiments on
maize, the certainty of the estimate in Table 2.6
is only possible to likely.

Yield decreases caused by elevated temperatures
are related to temperature effects on pollination
and kernel set. Temperatures above 35°C are
lethal to pollen viability (Herrero and Johnson
1980; Schoper et al. 1987; Dupuis and Dumas
1990). In addition, the critical duration of pollen
viability (prior to silk reception) is a function of
pollen moisture content, which is strongly de-
pendent on vapor pressure deficit (Fonseca and
Westgate 2005). There is limited data on sensi-
tivity of kernel set in maize to elevated tempera-
ture, although in-vitro evidence suggests that
the thermal environment during endosperm cell
division phase (eight to 10 days post-anthesis)
is critical (Jones et al. 1984). A temperature of
35°C, compared to 30°C during the endosperm
division phase, dramatically reduced subsequent
kernel growth rate (potential) and final kernel
size, even if ambient temperature returns to 30°C
(Jones et al. 1984). Temperatures above 30°C in-
creasingly impaired cell division and amyloplast
replication in maize kernels, and thus reduced
grain sink strength and yield (Commuri and
Jones 2001). Leaf photosynthesis rate of maize
has a high temperature optimum of 33°C to
38°C. There is a minimal sensitivity of light use
(quantum) efficiency to these elevated tempera-
tures (Oberhuber and Edwards 1993; Edwards

and Baker 1993); however, photosynthesis rate
is reduced above 38°C (Crafts-Brandner and
Salvucci 2002).

2.2.1.2.2.2 Soybean

Reproductive development (time to anthesis)
in soybean has cardinal temperatures that are
somewhat lower than those of maize. A base
temperature of 6°C and optimum temperature
0f 26°C are commonly used (Boote et al. 1998),
having been derived, in part, from values of
2.5°C and 25.3°C developed from field data by
Grimm et al. (1993). The post-anthesis phase for
soybean has a surprisingly low optimum tem-
perature of about 23°C, and life cycle is slower
and longer if mean daily temperature is above
23°C (Pan 1996; Grimm et al. 1994). This 23°C
optimum cardinal temperature for post-anthesis
period closely matches the optimum temperature
for single seed growth rate (23.5°C), as reported
by Egli and Wardlaw (1980), and the 23°C
optimum temperature for seed size (Egli and
Wardlaw 1980; Baker et al. 1989; Pan 1996;
Thomas 2001; Boote et al. 2005). As mean
temperature increases above 23°C, seed growth
rate, seed size, and intensity of partitioning to
grain (seed harvest index) in soybean decrease
until reaching zero at 39°C mean (Pan 1996;
Thomas 2001).

The CROPGRO-soybean model, parameterized
with the Egli and Wardlaw (1980) temperature
effect on seed growth sink strength, and the
Grimm et al. (1993, 1994) temperature effect
on reproductive development, predicts highest
grain yield of soybean at 23-24°C, with progres-
sive decline in yield, seed size, and harvest index
as temperature further increases, reaching zero
yield at 39°C (Boote et al. 1997, 1998). Soybean
yield produced per day of season, when plotted
against the mean air temperature at 829 sites
of the soybean regional trials over the United
States, showed highest productivity at 22°C
(Piper et al. 1998).

Pollen viability of soybean is reduced if temper-
atures exceed 30°C (optimum temperature), but
has a long decline slope to failure at 47°C (Salem
et al. 2007). Averaged over many cultivars, the
cardinal temperatures (base temperature (Tb),
optimum temperature (Topt), and Tmax) were
13.2°C, 30.2°C, and 47.2°C, respectively, for
pollen germination, and 12.1°C, 36.1°C, and
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47.0°C, respectively, for pollen tube growth.
Minor cultivar differences in cardinal tempera-
tures and tolerance of elevated temperature were
present, but differences were not very large or
meaningful. Salem et al. (2007) evaluated soy-
bean grown at 38/30°C versus 30/22°C (day/
night) temperatures. The elevated temperature
reduced pollen production by 34 percent, pol-
len germination by 56 percent, and pollen tube
elongation by 33 percent. The progressive
reduction in seed size (single seed growth rate)
above 23°C, along with reduction in fertility
(i.e., percent seed set) above 30°C, results in
reduction in seed harvest index at temperatures
above 23-27°C (Baker et al.1989; Boote et al.
2005). Zero seed harvest index occurs at 39°C
(Pan 1996; Thomas 2001; Boote et al. 2005).
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The implication of a temperature change on
soybean yield is thus strongly dependent on the
prevailing mean temperature during the post-
anthesis phase of soybean in different regions.
For the upper Midwest, where mean soybean
growing season temperatures are about 22.5°C,
soybean yield may actually increase 2.5 per-
cent with a 1.2°C rise (Table 2.6). By contrast,
soybean production in the southern United
States, where mean growing season tempera-
tures are 25°C to 27°C, soybean yield would be
progressively reduced — 3.5 percent for 1.2°C
increase from the current 26.7°C mean (Table
2.7) (Boote et al. 1996, 1997). Lobell and Field
(2007) reported a 1.3 percent decline in soybean
yield per 1°C increase in temperature, taken
from global production against global average

Table 2.6 Percent grain yield and evapotranspiration responses to increased temperature (1.2°C), increased CO,
(380 to 440 ppm), and the net effects of temperature plus increased CO, assuming additivity. Current mean air
temperature during reproductive growth is shown in parentheses for each crop/region to give starting referenc-
es, although yield of all the cereal crops declines with a temperature slope that originates below current mean
air temperatures during grain filling.

GrainYield Evapotranspiration
CcoO, Temp/CO, CO,
Temperature (380 to 440 Combined Temp (380 to 440
(1.2°Q) ! ppm) 2 Irrigated (1.2°C)3 ppm) 4
% change
Corn — Midwest
(22.5°C) -4.0 +1.0 -3.0 +1.8
Corn — South -40 +1.0 3.0 +1.8
(26.7°C)
Soybean — Midwest
(22.5°C) +2.5 +7.4 +9.9 +1.8 2.1
Soybean — South
(26.7°C) -3.5 +7.4 +3.9 +1.8 2.1
Wheat — Plains
(19.5°C) -6.7 +6.8 +0.1 +1.8 -1.4
Rice — South
(26.7°C) -12.0 +6.4 -5.6 +1.8 -1.7
sorghum -9.4 +1.0 -8.4 +1.8 3.9
(full range)
Cotton — South 57 +92 +3.5 +1.8 -1.4
(26.7°C)
Peanut - South -5.4 +6.7 1.3 +1.8
(26.7°C)
Bean — relative to 23°C -8.6 +6.1 225 +1.8

IResponse to temperature summarized from literature cited in the text. 2Response to CO, with Michaelis-Menten rectangular hyperbola
interpolation of literature values shown in Table 2.7. 3From Table 2.8 the sensitivity of a standard alfalfa crop to warming at constant
relative humidity on clear summer day would be 1.489% per °C, so assuming the crop ET will respond similarly with warming by 1.2°C,
the expected change in ET would be 1.8%. 4From Table 2.7 assuming linear ET response to 60 ppm increase in CO, interpolated from the
range, 350 to 700 ppm or 370 to 570 ppm for sorghum.
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temperature during July-August, weighted by
production area. These two estimates are in
agreement and likely, considering that Lobell
and Field (2007) averaged over cool and warm
production areas.

2.2.1.2.2.3 Wheat

Grain-filling period of wheat and other small
grains shortens dramatically with rising temper-
ature (Sofield et al. 1974, 1977; Chowdhury and
Wardlaw 1978; Goudrian and Unsworth 1990).
Assuming no difference in daily photosynthesis,
which can be inferred from the sink removal
studies of Sofield et al. (1974, 1977), yield will
decrease in direct proportion to the shortening
of grain filling period as temperature increases.
This temperature effect is already a major reason
for the much lower wheat yield potential in the
Midwest than in northern Europe, even with the
water limitation removed.

The optimum temperature for photosynthesis in
wheat is 20-30°C (Kobza and Edwards 1987).
This is 10°C higher than the optimum (15°C)
for grain yield and single grain growth rate
(Chowdhury and Wardlaw 1978). Any increase
in temperature beyond the 25-35°C range that
is common during grain filling of wheat will
reduce the grain filling period and, ultimately,
yields. Applying the nonlinear slope of reduc-
tion in grain filling period from Chowdury and
Wardlaw (1978), relative to the mean tem-
peratures during grain fill in the wheat growing
regions of the Great Plains, reduction in yield is
about 7 percent per 1°C increase in air tempera-
ture between 18 and 21°C, and about 4 percent
per 1°C increase in air temperature above 21°C,
not considering any reduction in photosynthesis
or grain-set. Similarly, Lawlor and Mitchell
(2000) stated that a 1°C rise would shorten the
reproductive phase by 6 percent, grain filling
duration by 5 percent, and would reduce grain
yield and harvest index proportionately. Bender
et al. (1999) analyzed spring wheat grown at
nine sites in Europe and found a 6 percent de-
crease in yield per 1°C temperature rise. Lobell
and Field (2007) reported a 5.4 percent decrease
in global mean wheat yield per 1°C increase in
temperature. Grain size will also be reduced
slightly. These four references are very much in
agreement, so the projected temperature effect
on yield in Table 2.6 is considered very likely.
Effects of rising temperature on photosynthesis

should be viewed as an additional reduction
factor on wheat yield, primarily influenced
via water deficit effects (Paulsen 1994). Tem-
peratures of 36/31°C (maximum/minimum)
for two to three days prior to anthesis causes
small unfertilized kernels with symptoms of
parthenocarpy — that is, small shrunken kernels
with notching and chalking of kernels (Tashiro
and Wardlaw 1990). Increased temperature also
reduces starch synthesis in wheat endosperm
(Caley et al. 1990).

2.2.1.2.2.4 Rice

The response of rice to temperature has been well
studied (Baker and Allen 1993a, 1993b; Baker
et al. 1995; Horie et al. 2000). Leaf-appearance
rate of rice increases with temperature from a
base of 8°C, until reaching 36-40°C, the thermal
threshold of survival (Alocilja and Ritchie 1991;
Baker et al. 1995), with biomass increasing up
to 33°C (Matsushima et al. 1964); however, the
optimum temperature for grain formation and
yield of rice is lower (25°C) (Baker et al. 1995).
Baker et al. (1995) summarized many of their
experiments from sunlit controlled-environment
chambers and concluded that the optimum mean
temperature for grain formation and grain yield
of rice is 25°C. They found that grain yield is
reduced about 10 percent per 1°C temperature
increase above 25°C, until reaching zero yield
at 35-36°C mean temperature, using a 7°C day/
night temperature differential (Baker and Allen
1993a; Peng et al. 2004).

Grain number, percent filled grains, and grain
harvest index followed nearly the same optimum
and failure curve points. Declining yield above
25°C is initially attributed to shorter grain fill-
ing duration (Chowdhury and Wardlaw 1978;
Snyder 2000), and then to progressive failure
to produce filled grains — the latter is caused by
reduced pollen viability and reduced production
of pollen (Kim et al. 1996; Matsui et al. 1997,
Prasad et al. 2006b). Pollen viability and pro-
duction begins to decline as daytime maximum
temperature exceeds 33°C, and reaches zero
at Tmax of 40°C (Kim et al. 1996). Because
flowering occurs at mid-day in rice, Tmax is
the best indicator of heat stress on spikelet
sterility. Grain size of rice tends to hold mostly
constant, declining only slowly across increas-
ing temperature, until the pollination failure
point (Baker and Allen 1993a). Rice ecotypes,
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Jjaponica and indica, mostly do not differ in
the upper temperature threshold (Snyder 2000;
Prasad et al. 2006b), although the indica types
are more sensitive to cool temperature (night
temperature less than 19°C) (Snyder 2000).

Screening of rice genotypes and ecotypes for
heat tolerance (33.1/27.3°C versus 28.3/21.3°C
mean day/night temperatures) by Prasad et al.
(2006b) demonstrated significant genotypic
variation in heat tolerance for percent filled
grains, pollen production, pollen shed, and pol-
len viability. The most tolerant cultivar had the
smallest decreases in spikelet fertility, grain
yield and harvest index at elevated temperature.
This increment of temperature caused, for the
range of 14 cultivars, 9-86 percent reduction
in spikelet fertility, 0-93 percent reduction in
grain weight per panicle, and 16-86 percent re-
duction in harvest index. Mean air temperature
during the rice grain filling phase in summer in
the southern United States and many tropical
regions is about 26-27°C. These are above the
25°C optimum, which illustrates that elevated
temperature above current will likely reduce
U.S. and tropical region rice yield by about 10
percent per 1°C rise, or about 12 percent for a
1.2°C rise.

2.2.1.2.2.5 Sorghum

In general, the base and optimum temperatures
for vegetative development are 8°C and 34°C,
respectively (Alagarswamy and Ritchie 1991),
while the optimum temperature for reproduc-
tive development is 31°C (Prasad et al. 2006a).
Optimum temperature for sorghum vegetative
growth is between 26°C and 34°C, and for
reproductive growth 25°C and 28°C (Maiti
1996). Maximum dry matter production and
grain yield occur at 27/22°C (Downs 1972).
Grain filling duration is reduced as temperature
increases over a wide range (Chowdury and
Wardlaw 1978; Prasad et al. 2006a). Neverthe-
less, as temperature increased above 36/26°C to
40/30°C (diurnal maximum/minimum), panicle
emergence was delayed by 20 days, and no
panicles were formed at 44/34°C (Prasad et
al. 2006a). Prasad et al. (2006a) found that
grain yield, harvest index, pollen viability, and
percent seed-set were highest at 32/22°C, and
progressively reduced as temperature increased,
falling to zero at 40/30°C. Vegetative biomass
was highest at 40/30°C and photosynthesis was
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high up to 44/34°C. Seed size was reduced
above 36/26°C. Rice and sorghum have exactly
the same sensitivity of grain yield, seed harvest
index, pollen viability, and success in grain
formation (Prasad et al. 2006a). In addition,
maize, a related warm-season cereal, may have
the same temperature sensitivity. Basing the
yield response of sorghum only on shorten-
ing of filling period (Chowdury and Wardlaw
1978), yield would decline 7.8 percent per 1°C
temperature rise from 18.5-27.5°C (a 9.4 percent
yield reduction for a 1.2°C increase). However,
if site temperature is cooler than optimum for
biomass/photosynthesis (27/22°C), then yield
loss from shorter filling period would be offset
by photosynthesis increase. The response from
Chowdury and Wardlaw (1978) is supported by
the 8.4 percent decrease in global mean sorghum
yield per 1°C increase in temperature reported
for sorghum by Lobell and Field (2007); there-
fore, the reported responses are likely.

2.2.1.2.2.6 Cotton

Cotton is an important crop in the southern
United States, and is considered to have adapted
to high-temperature environments. Despite this
perception, reproductive processes of cotton
have been shown to be adversely affected by
elevated temperature (Reddy et al. 2000, 2005).
Being a tropical crop, cotton’s rate of leaf ap-
pearance has a relatively high base temperature
of 14°C, and a relatively high optimum tempera-
ture of 37°C, thus leaf and vegetative growth
appear to tolerate elevated temperature (Reddy
etal. 1999, 2005). On the other hand, reproduc-
tive progression (emergence to first flower) has
a temperature optimum of 28-30°C, along with
a high base temperature of about 14°C (Reddy
et al. 1997, 1999). Maximum growth rate per
boll occurred at 25-26°C, declining at higher
temperatures, while boll harvest index was high-
est at 28°C, declining at higher temperatures,
reaching zero boll harvest index at 33-34°C
(Reddy et al. 2005).

Boll size was largest at temperatures less than
20°C, declining progressively as temperature
increased. Initially there was compensation
with increased boll number set as temperature
increased up to 35/27°C day/night temperature,
but above 30°C mean temperature, percent boll
set, boll number, boll filling period, rate of boll
growth, boll size, and yield all decreased (Reddy
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etal. 2005). Instantaneous air temperature above
32°C reduces pollen viability, and temperature
above 29°C reduces pollen tube elongation
(Kakani et al. 2005), thus acting to progressively
reduce successful boll formation to the point of
zero boll yield at 40/32°C day/night (35°C mean)
temperature (Reddy et al. 1992a, 1992b). Pet-
tigrew (2008) evaluated two cotton genotypes
under a temperature regime 1°C warmer than
current temperatures and found lint yield was 10
percent lower in the warm regime. The reduced
yields were caused by a 6 percent reduction in
boll mass and 7 percent less seed in the bolls.

These failure point temperatures show that cot-
ton is more sensitive to elevated temperature
than soybean and peanut, but similar in sensitiv-
ity to rice and sorghum. There is no well-defined
cotton-yield response to temperature in the
literature, but if cotton yield is projected with
a quadratic equation from its optimum at 25°C
to its failure temperature of 35°C, then a 1.2°C
increase from 26.7°C to 27.9°C would give a
possible yield decrease of 5.7 percent.

2.2.1.2.2.7 Peanut

Peanut is another important crop in the southern
United States. The base temperature for peanut-
leaf-appearance rate and onset of anthesis are
10°C and 11°C, respectively (Ong 1986). The
optimum temperature for leaf appearance rate
is above 30°C, while the optimum for rate of
vegetative development to anthesis is 29-33°C
(Bolhuis and deGroot 1959). Leaf photosyn-
thesis has a fairly high optimum temperature
of about 36°C. Cox (1979) observed that 24°C
was the optimum temperature for single pod
growth rate and pod size, with slower growth
rate and smaller pod size occurring at higher
temperatures. Williams et al. (1975) evaluated
temperature effects on peanut by varying eleva-
tion, and found that peanut yield was highest
at a mean temperature of 20°C (27/15°C max/
min), a temperature that contributed to a long
life cycle and long reproductive period. Prasad et
al. (2003) conducted studies in sunlit controlled
environment chambers, and reported that the
optimum mean temperature for pod yield, seed
yield, pod harvest index, and seed size occurred
at a temperature lower than 26°C; quadratic
projections to peak and minimum suggest that
the optimum temperature was 23-24°C, with a
failure point temperature of 40°C for zero yield
and zero harvest index.

Pollen viability and percent seed-set in that
study began to fail at about 31°C, reaching zero
at about 39-40°C (44/34°C treatment) (Prasad et
al. 2003). For each individual flower, the period
sensitive to elevated temperature starts six days
prior to opening of a given flower and ends one
day after, with greatest sensitivity on the day
of flower opening (Prasad et al. 1999; Prasad
et al. 2001). Percent fruit-set is first reduced at
bud temperature of 33°C, declining linearly to
zero fruit-set at 43°C bud temperature (Prasad
etal. 2001).

Genotypic differences in heat-tolerance of
peanut (pollen viability) have been reported
(Craufurd et al. 2003). As air temperature in
the southern United States already averages
26.7°C during the peanut growing season, any
temperature increase will reduce seed yields
(4.5 percent per 1°C, or 5.4 percent for a 1.2°C
rise in range of 26-28°C) using the relationship
of Prasad et al. (2003). At higher temperatures,
27.5-31°C, peanut yield declines more rapidly
(6.9 percent per 1°C) based on unpublished data
of Boote. A recent trend in peanut production
has been the move of production from south
Texas to west Texas, a cooler location with
higher yield potential.

2.2.1.2.2.8 Dry Bean and Cowpea

Dry bean is typical of many vegetable crops
and is grown in relatively cool regions of the
United States. Prasad et al. (2002) found that
red kidney bean, a large-seeded ecotype of dry
bean, is quite sensitive to elevated temperature,
having highest seed yield at 28/18°C (23°C
mean) or lower (lower temperatures were not
tested), with linear decline to zero yield as
temperature increased to 37/27°C (32°C mean).
In that study, pollen production per flower was
reduced above 31/21°C, pollen viability was
dramatically reduced above 34/24°C, and seed
size was decreased above 31/21°C. Laing et al.
(1984) found highest bean yield at 24°C, with a
steep decline at higher temperatures. Gross and
Kigel (1994) reported reduced fruit-set when
flower buds were exposed to 32/27°C during the
six to 12 days prior to anthesis and at anthesis,
caused by non-viable pollen, failure of anther
dehiscence, and reduced pollen tube growth.
Heat-induced decreases in seed and fruit set in
cowpea have been associated with formation of
non-viable pollen (Hall 1992). Hall (1992) also
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reported genetic differences in heat tolerance
of cowpea lines. Screening for temperature-
tolerance within bean cultivars has not been done
explicitly, but the Mesoamerican lines are more
tolerant of warm tropical locations than are the
Andean lines, which include the red kidney bean
type (Sexton et al. 1994). Taking the initial slope
of decline from data of Prasad et al. (2002), bean
yield will likely decrease 7.2 percent per 1°C
temperature rise, or 8.6 percent for 1.2°C above
23°C (Table 2.6).

2.2.1.2.2.9 Tomato

Tomato is an important vegetable crop known
to suffer heat stress in mid-summer in south-
ern U.S. locations. The base and optimum
temperature is 7° and 22°C for rate of leaf ap-
pearance, rate of truss appearance, and rate of
progress to anthesis (Adams et al. 2001). Leaf
photosynthesis of tomato has a base at 6-8°C
(Duchowski and Brazaityte 2001), while its
optimum is about 30°C (Bunce 2000). The rate
of fruit development and maturation has a base
temperature of 5.7°C and optimum of 26°C, and
rate of individual fruit growth has its optimum at
22-25°C (Adams et al. 2001). Largest fruit size
occurs at 17-18°C, and declines at progressively
higher temperature (Adams et al. 2001; De
Koning 1996). Rate of fruit addition (fruit-set,
from pollination) has an optimum at or lower
than 26°C and progressively fails as tempera-
ture reaches 32°C (Adams et al. 2001). Peat et
al. (1998) observed that the number of fruits
per plant (or percent fruit-set) at 32/26°C day/
night (29°C mean) was only 10 percent of that
at 28/22°C (25°C mean). The projected failure
temperature was about 30°C. Sato et al. (2000)
found that only one of five cultivars of tomato
successfully set any fruit at chronic exposures
to 32/26°C, although fruit-set recovered if the
stressful temperature was relieved.

Sato et al. (2000) also noted that pollen release
and pollen germination were critical factors af-
fected by heat stress. The anticipated tempera-
ture effect on tomato production will depend on
the region of production and time of sowing (in
the southern United States); however, at optima
of 22°C for leaf/truss development, 22-26°C
for fruit addition, 22-25°C for fruit growth, and
fruit-set failures above 26°C, temperatures ex-
ceeding 25°C will likely reduce tomato produc-
tion. Depending on region of production, tomato
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yield is projected to decrease 12.6 percent for
1.2°C rise above 25°C, assuming a non-linear
yield response and assuming optimum tempera-
ture and failure temperatures for yield of 23.5°C
and 30°C, respectively.

2.2.1.3 CROP RESPONSES TO CO,

2.2.1.3.1 Overview of Individual Crop
Responses to CO,

Reviews of the early enclosure CO, studies in-
dicate a 33 percent increase in average yield for
many C; crops under a doubling CO, scenario
(Kimball 1983) at a time when doubling meant
increase from 330 to 660 parts per million (ppm)
CO,. The general phenomenon was expressed as
increased numbers of tillers-branches, panicles-
pods, and numbers of seeds, with minimal effect
on seed size. The C,4 species response to dou-
bling of CO, was reported by Kimball (1983) to
be 10 percent. High temperature stress during
reproductive development can negate CO,’s
beneficial effects on yield, even though total
biomass accumulation maintains a CO, benefit
(e.g., for Phaseolus bean, Jifon and Wolfe 2000).
Unrestricted root growth, optimum fertility,
and excellent control of weeds, insects, and
disease are also required to maximize CO,
benefits (Wolfe 1994). Most C; weeds benefit
more than C; crop species from elevated CO,
(Ziska 2003).

In recent years, new field “free-air CO, enrich-
ment” (FACE) technology has allowed evalu-
ation of a few select crops to better understand
their response under field conditions without
enclosure-confounding effects. Generally, the
FACE results corroborate previous enclosure
studies (Ziska and Bunce 2007), although
some FACE results suggest yield responses
are less than previously reported (Long et al.
2006). Although the continuously increasing
“ambient” reference concentration is a cause for
lesser response, the smaller increment of CO,
enrichment requires even better replication and
sampling in FACE to evaluate the response.
Enclosures are not the only concern; single-
spaced plants, or unbordered plants may respond
too much, and potted plants that are root bound
may not respond well. Additional research, data
analysis, and evaluation of a broader range of
crops using FACE techniques will be required
to sort discrepancies where they exist.
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Table 2.7 Percent response of leaf photosynthesis, total biomass, grain yield, stomatal conductance, and canopy
temperature or evapotranspiration, to a doubling in CO, concentration (usually 350 to 700 ppm, but sometimes
330 to 660 ppm). *Responses to increase from ambient to 550 or 570 ppm (FACE) are separately noted.

Leaf Stomatal Canopy
Crop Photosynthesis Total Biomass GrainYield Conductance TET
% change

Corn 3 41,234 412 -345
Soybean 396 376 386, 347 -40¢ -98,-129.10¢
Wheat 350 15-2712 31 -33 to 4314 -815.16*
Rice 3617 3017 30!7,18 -1019.27
Sorghum 920,21* 322% 820, 022* -3721% - 323*
Cotton 3324 3624 4424 -3624 -825
Peanut 2726 3626 3026
Bean 5026 3026 272

References: ILeakey et al. (2006)*; 2King and Greer (1986); 3Ziska and Bunce (1997); 4Maroco et al. (1999); SLeakey et al. (2006)%;
6Ainsworth et al. (2002); 7Allen and Boote (2000); 8Allen et al. (2003); %Jones et al. (1985); !0Bernacchi et al. (2007)*; !Long (1991);
12Lawlor and Mitchell (2000); 3Amthor (2001); 4Wall et al. (2006)*; '5Andre and duCloux (1993); '6Kimball et al. (1999)*; '7Horie et al.
(2000); '8Baker and Allen (1993a); !9Baker et al. (1997a); 20Prasad et al. (2006a); 2!Wall et al. (2001); 220ttman et al. (2001)*; 23Triggs
et al. (2004)*; 24K.R. Reddy et al. (1995,1997); 25Reddy et al. (2000); 26Prasad et al. (2003); 27Yoshimoto et al. (2005).

Effects of doubling of CO, on leaf photosynthe-
sis, total biomass, grain or fruit yield, conduc-
tance, and canopy temperature or evapotrans-
piration (ET) of important non-water-stressed
crops are shown in Table 2.7. (In addition to
the specific references cited below, Kimball
et al. (2002) provide CO, responses of several
more crop and soil parameters for a variety of
species.)

Maize, being a C, species, is less responsive to
increased atmospheric CO,. Single leaf photo-
synthesis of maize shows no effect of CO, on
quantum efficiency, but there is a minor increase
in leaf rate at light saturation (3 percent for 376
to 542 ppm; Leakey et al. 2006). There is a pau-
city of data for maize grown to maturity under
elevated CO, conditions. Until 2006, there was
only one data set for maize grown to maturity
under CO, treatments: King and Greer (1986)
observed 6.2 percent and 2.6 percent responses
to increasing CO, from 355 to 625 and 875 ppm,
respectively, in a 111-day study. The mean of
the two levels gives about 4.4 percent increase
to doubling or more of CO,.

Leakey et al. (2006) conducted a full-season
FACE study of maize grown to maturity, and

reported no significant response of maize to
a 50 percent increase in CO, (376 to 542 ppm
(target: 370 to 550 ppm)). However, they used
a very small biomass sample size in their FACE
study (four random plant samples per replicate).
This small sample size coupled with the small
increment of CO, increase raises concern about
whether these experimental measurements were
sufficient to detect a statistically significant
response. Ziska and Bunce (1997) reported
a 2.9 percent increase in biomass when CO,
was increased from 371 to 674 ppm during a
33-day, glasshouse study. Maroco et al. (1999)
reported a 19.4 percent biomass increase when
CO, was increased from 350 to 1,100 ppm dur-
ing a 30-day growth period at very high light
(supplemented above outdoor ambient) for a
short duration on young plants. Thus, 4 percent
increases in both biomass and grain yield of
maize are possible, with increase in CO, from
350 to 700 ppm. This is less than the simulated
10 percent increase for C, species to incremental
CO, increases (330 to 660 ppm) as parameter-
ized in the CERES-Maize (Crop Environment
Resource Synthesis) or EPIC (Environmental
Policy Integrated Climate) models based on
sparse data (Tubiello et al. 2007).
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In summary, the evidence for maize response
to CO, is sparse and questionable, resulting in
only a possible degree of certainty. The expected
increment of CO, increase over the next 30 years
is anticipated to have a negligible effect (i.e., 1
percent) on maize production, unless there is
a water-savings effect in drought years (Table
2.6). Sorghum, another important C4 crop, gave
9, 34, and 8 percent increases in leaf photosyn-
thesis, biomass, and grain yield, respectively,
with doubling of CO, when grown in 1-by-2-
meter, sunlit controlled-environment chambers
(Prasad et al. 2005a). Over an entire season, with
a CO, increase from 368 to 561 ppm, sorghum
grown as part of a FACE study in Arizona gave
3 and 15 percent increases in biomass, and -4
percent and +20 percent change in grain yield,
under irrigated versus water-limited conditions,
respectively (Ottman et al. 2001).

Evapotranspiration
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Soybean is a C; legume that is quite responsive
to CO,. Based on the metadata summarized
by Ainsworth et al. (2002), soybean response
to a doubling of CO, is about 39 percent for
light-saturated leaf photosynthesis, 37 percent
for biomass accumulation, and 38 percent for
grain yield. (These values are only from soybean
raised in large, >1-square-meter crop stands
grown in soil because yield response to CO, pot-
ted plants was shown to be affected by pot size).
Allen and Boote (2000) reported a response of
34 percent in sunlit controlled-environment
chambers to increases in CO, from 330 to 660
ppm. Ainsworth et al. (2002) found that under
similar conditions, leaf conductance was reduced
by 40 percent, which is consistent with other C;
and C, species (Morison 1987), and seed harvest
index was reduced by 9 percent. The C; photo-
synthetic response to CO, enrichment is well

documented, and generally

easy to predict using either

the Farquhar and von Cam-
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because plants use all water available
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[
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when water limiting over seasonal time frame, little change in ET

I merer (1982) equations, or

simplifications based on
those equations. The CROP-
GRO-soybean model (Boote
et al. 1998), parameterized
with Farquhar kinetics equa-
tions (Boote and Pickering
1994; Alagarswamy et al.
20006), was used to simulate
soybean yield to CO, rises
from 350 to 700 ppm. The
CROPGRO-soybean model
predicted 29-41 percent in-
crease in biomass, and 29 to
34 percent increase in grain
yield (Boote et al. 1997),
values that are comparable
to metadata summarized by
Ainsworth et al. (2002) and
Allen and Boote (2000).
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Relative Changes Due to Elevated [CO5] (%)

Figure 2.5 Relative changes in evapotranspiration due to elevated CO, concen

experiments at about 550 ppm. [Wheat and cotton data from Table 2 of Kimball et al. (2002);

rice datum from Yoshimoto et al. (2005); sorghum datum from Triggs et al. (200

from Tommasi et al. (2002); sweetgum from Wullschleger and Norby (2001);

from Bernacchi et al. (2007); and potato datum from Magliulo et al. (2003)].
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Crop models can be used to
project yield responses to
CO, increase from past to
present and future levels.
Simulations by Boote et al.
(2003) suggested that soy-
bean yield in lowa would
have increased 9.1 percent
between 1958 and 2000,
during which time the CO,
increased from 315 to 370
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trations in FACE

4); poplar datum
soybean datum
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ppm; thus some of the past yield trend of soy-
bean was associated with global change rather
than technological innovation.

Using the same type of Michaelis-Menten
rectangular hyperbola projection for soybean
as used for all other crops, a CO, increase from
380 to 440 ppm is projected to increase yield by
7.4 percent (Table 2.7) in the dominant soybean-
growing regions in the Midwest. For this region,
expected temperatures are so close to the opti-
mum for soybean yield, and the temperature
increment so small (1.2°C) that the net effect of
climate change on soybean yield is dominated
by the CO, increment. To the extent that water-
use efficiency increases with CO, enrichment
and conserves soil water, yield response for
rainfed regions will be enhanced by a net 0.9
percent increase in ET.

Other Cj field crop species exhibit similar
responses to increasing CO,. For wheat, a cool-
season cereal, doubling of CO, (350 to 700 ppm)
increased light-saturated leaf photosynthesis by
30-40 percent (Long 1991), and grain yield by
about 31 percent, averaged over many data sets
(Amthor 2001). For rice, doubling CO, (330 to
660 ppm) increased canopy assimilation, bio-
mass, and grain yield by about 36, 30, and 30
percent, respectively (Horie et al. 2000). Baker
and Allen (1993a) reported a 31 percent increase
in grain yield, averaged over five experiments,
with increase of CO, from 330 to 660 ppm. Rice
shows photosynthetic acclimation associated
with decline in leaf nitrogen (N) concentration,
and a 6-22 percent reduction in leaf rubisco
content per unit leaf area (Vu et al. 1998).

For peanut, a warm-season grain legume, dou-
bling CO, increased light-saturated leaf photo-
synthesis, total biomass and pod yield of peanut
by 27, 36, and 30 percent, respectively (Prasad
et al. 2003). Doubling CO, (350 to 700 ppm)
increased light-saturated leaf photosynthesis,
biomass, and seed yield of dry bean by 50, 30,
and 27 percent (Prasad et al. 2002).

For cotton, a warm-season non-legume, doubling
CO, (350 to 700 ppm) increased light-saturated
leaf photosynthesis, total biomass, and boll yield
by 33 percent, 36 percent, and 44 percent (K.
R. Reddy et al. 1995, 1997), respectively, and
decreased stomatal conductance by 36 percent

(V. R. Reddy et al. 1995). Under well-watered
conditions, leaf and canopy photosynthesis of
cotton increased about 27 percent with CO,
enrichment, to 550 ppm CO, in a FACE experi-
ment in Arizona (Hileman et al. 1994). Mauney
et al. (1994) reported 37 percent and 40 percent
increases in biomass and boll yield of cotton
with CO, enrichment to 550 ppm. Even larger
increases in yield and biomass of cotton were
obtained under the same enrichment for cotton
under water-deficit situations (Kimball and
Mauney 1993). An important consideration
relative to cotton responses in Arizona is that
the large vapor pressure deficit may have given
more benefit to elevated CO, via water conser-
vation effects. So, the degree of responsiveness
in arid region studies may differ from that in
humid regions. There were no reported effects
of doubled CO, on vegetative or reproductive
growth stage progression in cotton (Reddy et
al. 2005), soybean (Allen and Boote 2000; Pan
1996), dry bean (Prasad et al. 2002), and peanut
(Prasad et al. 2003).

The certainty level of biomass and yield re-
sponse of these C; crops to CO, is likely to very
likely, given the large number of experiments
and the general agreement in response across
the different C; crops.

2.2.1.3.2  Effects of CO, Increase in
Combination with Temperature
Increase
There could be beneficial interaction of
CO, enrichment and temperature on dry
matter production (greater response to CO,
as temperature rises) for the vegetative phase
of non-competitive plants, as highlighted by
Idso et al. (1987). This effect may be beneficial
to production of radish (Raphanus sativus),
lettuce (Lactuca sativa), or spinach (Spinacea
olervicea), mainly because any factor that
speeds leaf area growth (whether CO, or
temperature) speeds the exponential phase of
early growth. However, this “beta” factor effect
does not appear to apply to closed canopies or
to reproductive grain yield processes.

There are no reported beneficial interactions in
grain yield caused by the combined effects of
CO,; and temperature increase for rice (Baker
and Allen 1993a, 1993b; Baker et al. 1995; Sny-
der 2000), wheat (Mitchell et al. 1993), soybean

In recent years, new
field “free-air CO,
enrichment” (FACE)
technology has
allowed evaluation of
a few select crops to
better understand
their response under
field conditions
without enclosure-
confounding effects.
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(Baker et al. 1989; Pan 1994), dry bean (Prasad
et al. 2002), peanut (Prasad et al. 2003), or sor-
ghum (Prasad et al. 2005a). In other words, the
separate main effects of CO, and temperature
were present, but yield response to CO, was not
enhanced as temperature increased. By contrast,
there are three reported negative effects caused
by elevated CO, and temperature in terms of
fertility. Elevated CO, causes greater sensitiv-
ity of fertility to temperature in rice (Kim et al.
1996; Matsui et al. 1997), sorghum (Prasad et
al. 2006a), and dry bean (Prasad et al. 2002).
Forrice, the relative enhancement in grain yield
with doubled CO, decreases, and actually goes
negative as Tmax increases in the range 32-40°C
(Kim et al. 1996). Likewise, the relative CO,
enhancement of grain yield of soybean (Baker
et al. 1989) lessened as temperature increased
from optimum to super-optimum. In the case
of rice, sorghum, and dry bean, failure point
temperature (i.e., the point at which reproduc-
tion fails) is about 1-2°C lower at elevated
CO, than at ambient CO,. This likely occurs
because elevated CO, causes warming of the
foliage (doubled CO, canopies of dry bean were
1.5°C warmer) (Prasad et al. 2002); doubled
CO, canopies of soybean were 1-2°C warmer
(Allen et al. 2003); doubled CO, canopies of
sorghum averaged 2°C warmer during daytime
period (Prasad et al. 2006a). The higher canopy
temperature of rice, sorghum, and dry bean ad-
versely affected fertility and grain-set. Increases
in canopy temperature for wheat, rice, sorghum,
cotton, poplar, potato, and soybean have been
reported in FACE experiments (Kimball and
Bernacchi 2006).

In cotton, there was progressively greater pho-
tosynthesis and vegetative growth response to
CO, as temperature increased up to 34°C (Reddy
1995), but this response did not carry over to
reproductive growth (Reddy et al. 1995). The
reproductive enhancement from doubled CO,
was largest (45 percent) at the 27°C optimum
temperature for boll yield, and there was no
beneficial interaction of increased CO, on repro-
ductive growth at elevated temperature, reaching
zero boll yield at 35°C (Reddy et al. 1995).

Mitchell et al. (1993) conducted field studies of
wheat grown at ambient and +4°C temperature
differential, and at elevated versus ambient
CO,; in England. While interactions of CO, and
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temperature did not affect yield, higher tempera-
tures reduced grain yield at both CO, levels such
that yields were significantly greater at ambient
CO, and ambient temperature compared to
elevated CO, and high temperature. Batts et al.
(1997) similarly reported no beneficial interac-
tions of CO, and temperature on wheat yield.

In studies with bean (Jifon and Wolfe 2005)
and potato (Peet and Wolfe 2000), there were
no significant beneficial effects of CO, on yield
in high temperature treatments that negatively
affected reproductive development, although
the beneficial effects on vegetative biomass
were maintained. These results suggest that in
those regions and for those crops where climate
change impairs crop reproductive development
because of an increase in the frequency of high
temperature stress events, the potential benefi-
cial effects of elevated CO, on yield may not
be fully realized.

For peanut, there was no interaction of elevated
temperature with CO, increase, as the extent of
temperature-induced decrease in pollination,
seed-set, pod yield, seed yield, and seed harvest
index was the same at ambient and elevated CO,
levels (Prasad et al. 2003). For dry bean, Prasad
et al. (2002) found no beneficial interaction of
elevated temperature with CO, increase, as the
temperature-induced decrease in pollination,
seed-set, pod yield, seed yield, and seed harvest
index were the same or even greater at elevated
than at ambient CO, levels. The temperature-
sensitivity of fertility (grain-set) and yield for
sorghum was significantly greater at elevated
CO, than at ambient CO, (Prasad et al. 2006a),
thus showing a negative interaction with tem-
perature associated with fertility and grain-set,
but not photosynthesis.

2.2.1.3.3 Interactions of Elevated CO,
with Nitrogen Fertility

For non-legumes like rice, there is clear evi-
dence of an interaction of CO, enrichment with
nitrogen (N) fertility regime. For japonica rice,
Nakagawa et al. (1994) reported 17, 26, and 30
percent responses of biomass to CO, enrich-
ment, at N applications of 40, 120, and 200 kg N
ha-1, respectively. For indica rice, 0,29, and 39
percent responses of biomass to CO, enrichment
were reported at N applications of 0, 90, and
200 kg N per hectare, respectively (Ziska et al.
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Table 2.8 Sensitivity of evapotranspiration (ET; percent change in ET per °C change in
temperature or percent change in ET per percent change in variable other than tempera-
ture) to changes in weather and plant variables as calculated by Kimball (2007) from the
ASCE standardized hourly reference equation for alfalfa (Allen et al. 2005). The weather
data were from the AZMET network (Brown 1987) for Maricopa, AZ, on a clear sum-
mer day (21 June 2000), and for the whole 2000 year. Calculations were made hourly then
summed for the clear summer day and whole year.

Weather or Plant Variable

ET Sensitivity (°C or % change)

Summer Day Whole Year

T, air temperature with absolute humidity constant, EC 2.394 3.435
T, air temperature with relative humidity constant, EC 1.489 2.052
R, solar radiation, % 0.585 0.399
e,, absolute vapor pressure, % -0.160 -0.223
u, wind speed, % 0.293 0.381
g, surface or canopy conductance, % 0.085 0.160
LAl leaf area index, % 0.085 0.160

1996). For C,4 bahiagrass (Paspalum notatum),
Newman et al. (2006) observed no biomass
response to doubled CO, at low N fertilization
rate, but observed 7-17 percent increases with
doubled CO, when fertilized with 320 kg N per
hectare. Biomass production in that study was
determined over four harvests in each of two
years (the 7 percent response in year one was
non-significant, but 17 percent response in year
two was significant).

2.2.1.3.4 Effects of CO, Increase on Water
Use and Water Use Efficiency
2.2.1.3.4.1 Changes in Crop Water Use due
to Increasing Temperature, CO,,
and O3
Water use (i.e., ET) of crop plants is a physical
process but is mediated by crop physiological
and morphological characteristics (e.g., Kimball
2007). It can be described by the Penman-
Monteith equation, whose form was recently
standardized (Allen et al. 2005) (Table 2.8). The
equation reveals several mechanisms by which
the climate change parameters — temperature,
CO,, and O3 — can affect water use. These in-
clude: (1) direct effects on crop growth and leaf
area, (2) alterations in leaf stomatal aperture
and consequently their conductance for water
vapor loss, and (3) physical changes in the vapor
pressure inside leaves.

When plants are young and widely spaced,
increases in leaf area are approximately
proportional to the increases in growth, and
transpiration increases accordingly. More im-
portantly, duration of leaf area will affect total
seasonal crop water requirements. Thus, the
lengthening of growing seasons due to global
warming likely will increase crop water require-
ments. On the other hand, for some determinate
cereal crops, increasing temperature can hasten
plant maturity, thereby shortening the leaf area
duration with the possibility of reducing the total
season water requirement for such crops.

Elevated CO, causes partial stomatal closure,
which decreases conductance, and reduces loss
of water vapor from leaves to the atmosphere.
Reviews of the effects of elevated CO, on sto-
matal conductance from chamber-based stud-
ies have reported that, on average, a doubling
of CO, (from about 340 to 680 ppm) reduces
stomatal conductance about 34 percent (e.g.,
Kimball and Idso 1983). Morison (1987) calcu-
lated an average reduction of about 40 percent,
with no difference between C; and Cy4 species.
More recently, Wand et al. (1999) performed
a meta-analysis on observations reported for
wild C5 and C, grass species, and found that
with no stresses, elevated CO, reduced stomatal
conductance by 39 and 29 percent for C; and Cy4
species, respectively. The stomatal conductance
of woody plants appears to decrease less than
that of herbaceous plants in elevated CO,, as
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accumulation are no longer
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so projecting out 30 years to
a CO, concentration of about
Figure 2.6 Differences in evapotranspiration rate (latent energy, W m-2) 440 ppm suggests increases
between soybean plots enriched to 550 ppm from free-air CO, enrichment
(FACE) and plots at today’s ambient CO, levels at Urbana, IL, versus day of

g year (circles, left axis). Corresponding precipitation is also shown (squares,
: right axis). Adapted from Bernacchi et al. 2007.

Day of Year

in C; plant growth only on the
order of 10 percent. Therefore,
because changes in growth
affect ET mostly while plants
are small (i.e., after planting),
indicated by an 11 percent reduction in the and progressively less after canopy closure,
meta-analysis of woody plant data by Curtisand  changes in ET rates over the next 30 years due
Wang (1998). Ainsworth et al. (2002) found an  to leaf area index effects are likely to be minor
average reduction of about 40 percent in con-  (Figure 2.5).
ductance of soybean for a wide range of CO,
concentrations, with the reduction for a dou- Elevated CO, concentrations — approximately
bling being about 30 percent. Meta-analysis by 550 ppm or about 180 ppm above ambient — in
Ainsworth and Long (2005) and Ainsworthand FACE experiments have reduced water use in
Rogers (2007) of data generated by free-air CO, experimental plots by about 2-13 percent, de-
enrichment experiments, for which the daytime  pending on species (Figure 2.6). Interpolating
concentrations were 550-600 ppm, versus ambi-  linearly to 440 ppm of CO,, the corresponding
ent concentrations of about 360 ppm, produced reductions likely would be about one-third
an average reduction in stomatal conductance of those observed in the FACE experiments
of 20 and 22 percent, respectively. They did (i.e., 1-4 percent). Because there are fetch
not detect any significant difference between considerations in extrapolating FACE plot data
C; and C, species. Projecting out 30 years, the  to larger areas (see discussion in Triggs et al.
atmospheric CO, concentration likely will be  2004), reductions in crop water requirements
about 440 ppm (see Introduction). Interpolating  due to elevated CO, likely will be significant,
from these reviews, it appears very likely that  but smaller yet.
an increase in CO, concentration from 380 to
440 ppm will cause reductions in stomatal con-  Less research has been done on the effects of el-
ductance on the order of 10 percent compared evated O3 on stomatal conductance compared to
to today’s values. elevated CO,, but some pertinent work has been
published. Barnes et al. (1995) and Balaguer
However, as plants shift from vegetative to et al. (1995) measured stomatal conductance
reproductive growth during their life cycles, pro-  of wheat exposed to elevated CO, (700 ppm),
portionately more of the accumulating biomass ~ elevated O; (about 75 ppb), and combined
is partitioned to other organs, such as develop- elevated CO, plus O; in controlled environ-
ing grain. At this point, leaf area and biomass ment chambers. The ozone treatment reduced
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conductance by about 20 percent, while both
CO, and CO,+0;5 reduced conductance by 40
percent. Wheat was exposed by Donnelly et al.
(2000) to elevated CO, (680 ppm) and O3 (50
or 90 ppb) and CO,+0; in open-top chambers,
and they found that all three treatments produced
reductions in stomatal conductance of approxi-
mately 50 percent, with relative order changing
with days after sowing and year. Using open-top
chambers with potato, both Lawson et al. (2002)
and Finnan et al. (2002) report 50 percent reduc-
tion of stomatal conductance with elevated CO,
(680 ppm) and a similar amount in combination
with elevated Os, but their results are variable
and mutually inconsistent among treatments.
In a FACE project that included both CO, and
Oj; treatments, Noormets et al. (2001) measured
stomatal conductance of aspen leaves. Results
varied with leaf age and aspen clone, but gener-
ally it appears that conductance had the follow-
ing treatment rank: Control>0;>C0,+05;>CO,.
Morgan et al. (2003) performed a meta-analysis
of 53 prior chamber studies in which O3 was
elevated by 70 ppm above clean air, and found
that stomatal conductance was reduced by 17
percent on average. However, in a recent FACE
soybean experiment in which Oz was elevated
by 50 percent above ambient conditions, Ber-
nacchi et al. (2007) detected no significant
effect of O3 on stomatal conductance. Thus,
while chamber studies comparing the effects
of O3 on stomatal conductance showed that
reductions can occur, in the case of field-grown
plants exposed to present-day ambient levels of
O; that are considerably above zero, the effects
on conductance of the additional increases in
O; levels that are likely to occur in the next 30
years are likely to be rather small.

Water vapor pressure (¢) inside leaves is tightly
coupled to leaf temperature (T) and increases
exponentially (e.g., as described by the Teten’s
equation, e=0.61078*exp(17.269*T/(T+237.3)).
Therefore, anything that affects the energy bal-
ance and temperature of a crop’s leaf canopy
will affect leaf water vapor pressure, and ulti-
mately water consumption. Consequently, so
long as there are no significant concomitant
compensatory changes in other factors such as
humidity, it is virtually certain that air tempera-
ture increases will also increase crop canopy
temperature, leaf water vapor pressure, and ET
(Figure 2.5). Based on the sensitivity analysis

of Kimball (2007; Table 2.8), an increase of
about 1.2°C with constant relative humidity,
such as expected in 30 years (see Introduction),
is likely to cause a small increase of about
1.8% in summer-day ET of a standard alfalfa
reference crop if CO, concentrations were to
remain at today’s level. As already dicussed,
CO, concentrations of about 440 ppm are likely
to cause small decreases in ET, so therefore, the
net effect of increased temperature plus CO,
likely will result in insignificant changes in ET
within the next 30 years.

Another aspect to consider is the dynamics of
crop water use and the timing of rain/irrigation
events. The latent energy associated with ET
from soybean was 10 to 60 W/m2 less in the
FACE plots compared to the control plots at
ambient CO, when the crop had ample water
(Figure 2.6).

However, on about Day-of-Year (DOY) 233, the
control plots had exhausted the water supply,
and their water use declined (Bernacchi et al.
2006) (Figure 2.6). In contrast, the water conser-
vation in the elevated-CO, plots enabled plants
to keep their stomata open and transpiring, and
for DOY's 237-239, the FACE plots transpired
more water than the controls. During this latter
period, the FACE plants had their stomata open,
while those of the control plots were closed. As
a result, the FACE plots were able to continue
photosynthesizing and growing while the con-
trols were not. In other words, elevated concen-
trations of CO, can enable some conservation of
soil water for rain-fed agriculture, which often
experiences periods of drought, and can sustain
crop productivity over more days than is true at
today’s CO, levels.

The net irrigation requirement is the difference
between seasonal ET for a well-watered crop
and the amounts of precipitation and soil water
storage available during a growing season. A
few researchers have attempted to estimate
future changes in irrigation water requirements
based on projected climate changes (including
rainfall changes) from general circulation mod-
els (GCMs), and estimates of decreased stomatal
conductance due to elevated CO, (e.g., Allen
et al. 1991; Izaurralde et al. 2003). Izaurralde
et al. (2003) used EPIC, a crop growth model,
to calculate growth and yield, as well as future

41




The U.S. Climate Change Science Program

12

irrigation requirements of corn and alfalfa.
Following Stockle et al. (1992a, b), EPIC was
modified to allow stomatal conductance to be
reduced with increased CO, concentration (28
percent reduction corresponding to 560 pmol
CO, mol-!), as well as increasing photosynthe-
sis via improved radiation use efficiency. For
climate change projections, they used scenarios
generated for 2030 by the Hadley Centre’s (Had-
CM2J) GCM, which was selected because its
climate sensitivity is in the midrange of most
of the GCMs. For corn, Izaurralde et al. (2003)
calculated that by 2030 irrigation requirements
will change from -1 (Lower Colorado Basin) to
+451 percent (Lower Mississippi Basin), because
of rainfall variation. Given the variation in the
sizes and baseline irrigation requirements of U.S.
basins, a representative figure for the overall U.S.
increase in irrigation requirements is 64 percent
if stomatal effects are ignored, or 35 percent
if they are included. Similar calculations were
made for alfalfa, for which overall irrigation
requirements are predicted to increase 50 and
29 percent in the next 30 years in the cases of
ignoring and including stomatal effects, respec-
tively. These increases are more likely due to the
decrease in rainfall during the growing season
and the reduction in soil water availability.

2.2.1.3.4.2 Implications for Irrigation and
Water Deficit

As mentioned above, stomatal conductance is
reduced about 40 percent for doubling of CO,
for both C5 and C, species (Morison 1987),
thus causing water conservation effects, and
potentially less water deficit. However, actual
reduction in crop transpiration and ET will not
be as great as the reduction in stomatal conduc-
tance because warming of the foliage to solve
the energy balance will increase both latent heat
loss (transpiration) and sensible heat loss. Al-
len et al. (2003) concluded that both increased
foliage temperature, and increased LAI associ-
ated with CO, enrichment were responsible
for the compensatory effects on ET (small to
non-existent reductions). Jones et al. (1985)
reported 12 percent reduction in season-long
transpiration and 51 percent increase in water
use efficiency (WUE) measured for canopies
of soybean crops grown in ambient and doubled
CO, in sunlit, controlled environment chambers.
In experimental studies in the same chambers,
foliage temperatures measured by infrared
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sensors have typically been increased 1-2°C
for soybean, 1.5°C for dry bean, and 2°C for
sorghum in response to doubled CO, (Pan
1996; Prasad et al. 2002; Prasad et al. 2006a).
Similarly, in FACE experiments at about 550
ppm CO, foliage temperatures increased by an
average 0.6°C for wheat (Kimball et al. 2002),
0.4°C forrice (Yoshimoto et al. 2005), 1.7°C for
sorghum (Triggs et al. 2004), 0.8°C for cotton
(Kimball et al. 2002), 0.8°C for potato (Magl